Transthyretin (TTR) tetramer dissociation and misfolding facilitate assembly into amyloid fibrils that putatively cause senile systemic amyloidosis and familial amyloid polyneuropathy. We have previously discovered more than 50 small molecules that bind to and stabilize tetrameric TTR, inhibiting amyloid fibril formation in vitro. A method is presented here to evaluate the binding selectivity of these inhibitors to TTR in human plasma, a complex biological fluid composed of more than 60 proteins and numerous small molecules. Our immunoprecipitation approach isolates TTR and bound small molecules from a biological fluid such as plasma, and quantifies the amount of small molecules bound to the protein by HPLC analysis. This approach demonstrates that only a small subset of the inhibitors that saturate the TTR binding sites in vitro do so in plasma. These selective inhibitors can now be tested in animal models of TTR amyloid disease to probe the validity of the amyloid hypothesis. This method could be easily extended to evaluate small molecule binding selectivity to any protein in a given biological fluid without the necessity of determining or guessing which other protein components may be competitors. This is a central issue to understanding the distribution, metabolism, activity, and toxicity of potential drugs.
A myloid diseases are characterized by the conversion of soluble proteins or peptides into insoluble ␤-sheet-rich amyloid fibrils. There are currently 17 different human proteins known to form amyloid fibrils in vivo (1) (2) (3) (4) . These fibrils, or their oligomeric precursors, are thought to cause pathology either through disruption of normal cellular function or by direct toxicity (5) (6) (7) (8) . X-ray fibril diffraction and electron microscopy reconstruction of amyloid fibrils reveal filaments that have a lamellar cross ␤-sheet structure wrapped around one another (9) (10) (11) (12) (13) . Folded proteins form amyloid fibrils through partial unfolding triggered by a change of local environment, a mutation in the protein, or both (8, (14) (15) (16) (17) (18) (19) (20) .
Transthyretin (TTR) is a tetrameric protein composed of identical 127-aa subunits that fold into a ␤-sandwich tertiary structure. It is found in both the plasma (3.6 M) and cerebrospinal fluid (CSF) (0.36 M) of humans. The TTR tetramer has two negatively cooperative C 2 symmetric thyroxine (T4)-binding sites (21) (22) (23) . In the CSF, it binds and transports the thyroid hormone T4 and the retinol-binding protein (RBP), which in turn transports vitamin A. In the plasma, only 10-15% of TTR has T4 bound to it, as thyroid-binding globulin has an order of magnitude higher affinity for T4 than does TTR (24) . TTR fibril formation is linked to two amyloid diseases in which the fibrils are composed of full-length protein. Deposition of wild-type TTR is associated with cardiac dysfunction in the disease senile systemic amyloidosis (SSA) (25, 26) . More than 70 different single-site mutants have been linked to early-onset amyloid deposition in diseases with a spectrum of clinical manifestations, collectively referred to as familial amyloid polyneuropathy (FAP) (27) (28) (29) (30) (31) (32) (33) (34) (35) .
We have discovered compounds, through both screening and structure-based design, that dramatically inhibit TTR amyloid fibril formation in vitro (36) (37) (38) (39) (40) (41) (42) . To stabilize the TTR tetramer and thus prevent amyloid fibril formation in SSA and FAP, these small molecules must be able to selectively bind to TTR in human blood plasma over all other plasma proteins. Possible competitors include thyroid-binding globulin (TBG), which has an order of magnitude higher affinity for TTR's natural ligand, T4; and albumin, which binds numerous hydrophobic small molecules and is present at a concentration two orders of magnitude higher than TTR, as well as the other plasma proteins. Historically, one was forced to choose two or three of the most likely protein competitors and evaluate their relative affinities for the small molecule in comparison to the protein of interest. The advantage of the approach outlined within this article is that the binding selectivity of TTR amyloid inhibitors in human plasma is determined without having to make assumptions as to which proteins may competitively bind the TTR ligand. Compounds that bind to TTR selectively in plasma are the best candidates for further evaluation in animal models and, ultimately, in human clinical trials.
Materials and Methods
TTR Polyclonal Antibody Production. Rabbits were injected with a 1:1 mixture of complete Freund's adjuvant and 1 mg͞ml recombinant human TTR with an additional methionine at the N terminus. After 5 weeks, the rabbits were given boosters of 1:1 incomplete Freund's adjuvant͞TTR (1 mg͞ml) every 2 weeks for 2 months. Subsequently, the boosters were given once a month. Fifty milliliters of serum was drawn from each rabbit 30 days after each booster injection, and the blood serum was isolated.
TTR Antibody Purification and Conjugation to Sepharose. Antibodies were isolated from rabbit serum by passage over a recombinant staphylococcal protein A column (Amersham Pharmacia Biotech). The column was washed with 5 column volumes of 50 mM sodium phosphate (pH 7.2), and the antibodies were eluted with 5 column volumes of 100 mM sodium citrate (pH 3.0). The elution fractions were returned to neutral pH with the addition of 1 ml of 1 M Tris⅐HCl (pH 9.0) to each 5-ml fraction. The fractions were pooled and exchanged into 100 mM sodium bicarbonate, pH 8.2. This solution was concentrated, and the polyclonal TTR antibodies were coupled to cyanogen bromideactivated Sepharose (Amersham Pharmacia Biotech) according to the manufacturer's protocol (43) , yielding 10 mg of antibody per ml of gel. The gel was stored as a 1:1 slurry in TSA (10 mM Tris⅐HCl, pH 8.0͞140 mM NaCl͞0.025% NaN 3 ). In addition, quenched Sepharose was prepared by coupling 200 mM Tris⅐HCl, pH 8.0, to the gel instead of the antibody.
Western Blot Analysis of TTR Antibodies. Recombinant human TTR and 10-fold diluted human blood plasma were loaded onto a 12% polyacrylamide SDS gel and subjected to electrophoresis This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: TTR, transthyretin; T4, thyroxine; NSAID, nonsteroidal antiinflammatory drug.
*To whom reprint requests should be addressed. E-mail: jkelly@scripps.edu.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
at 125 V. The proteins were electrotransferred to a nitrocellulose membrane at 100 V by using a Western Transfer Apparatus (Bio-Rad). The nitrocellulose was blocked with 5% dried milk (Carnation) in TBST (20 mM Tris⅐HCl, pH 7.5͞500 mM NaCl͞ 0.05% Tween-20) for 18 h and washed twice with TBST for 10 min. The membrane was incubated with a 1:1000 dilution of the antibody solution for 1 h at 25°C. The nitrocellulose was washed with TBST (three times, 10 min each), followed by an incubation with goat-anti-rabbit IgG antibody conjugated to alkaline phosphatase (Sigma) (1:1000 dilution in TBST) for 1 h at 25°C. The membrane was subsequently washed twice with TBST and once with TBS (20 mM Tris⅐HCl, pH 7.5͞500 mM NaCl). Finally, the nitrocellulose membrane was incubated with 10 ml of BCIP͞ NBT (Sigma Fast 5-bromo-4-chloro-3-indolyl phosphate͞nitro blue tetrazolium) solution until bands appeared, at which time the reaction was stopped with the addition of 5 ml of a 1 mM EDTA solution.
Human Plasma Preparation. Whole blood was drawn from healthy volunteers at the Scripps General Clinical Research Center's Normal Blood Drawing Program and transferred to 50-ml conical tubes. The tubes were centrifuged at 3,000 rpm (1,730 ϫ g) in a Sorvall RT7 benchtop centrifuge equipped with a swinging-bucket rotor for 10 min at 25°C. The plasma supernatant was removed and centrifuged again at 3,000 rpm for 10 min to remove the remaining cells. Sodium azide was added to give a 0.05% solution. The plasma was stored at 4°C until use.
ELISA Quantification of TTR Concentration in Human
Plasma. Antihuman prealbumin (TTR) antibody (DiaSorin, Stillwater, MN) was diluted 1:100 in 15 mM Na 2 CO 3 ͞35 mM NaHCO 3 , and 100 l of the solution was added to each well of an Immulon-4HBX microtiter plate (Thermal Labsystems, Helsinki, Finland) which absorbed the protein after incubation overnight at 4°C. The plate was washed with 200 l of 4ϫ TBST, followed by the addition of 200 l of blocking buffer (TBST, 3% dried milk) to each well, which was incubated for 60 min at 37°C. The plate was again washed four times with 200 l of TBST, and 100 l of TTR standards (10-100 ng͞ml) and plasma (1:4000 dilution in blocking buffer) were loaded into different wells of the plate and incubated for 75 min at 37°C. The plate was subsequently washed four times with 200 l of TBST. One hundred microliters of alkaline phosphatase-conjugated goat antihuman prealbumin (TTR) antibody (EY Laboratories) (1:250 dilution in blocking buffer) was added to each well and incubated for 75 min at 37°C. ELISA substrate solution from the GIBCO͞ BRL ELISA amplification system (Life Technologies) was added in 50-l aliquots to each well and incubated for 15 min at room temperature. This incubation was followed by the addition of 50 l of ELISA amplifier solution (Life Technologies), which was incubated for an additional 10-15 min at room temperature. The absorbance of each well at 495 nm was then measured by using a Molecular Dynamics Spectramax 340PC microplate spectrophotometer. The absorbances of the TTR standards were fit by linear regression using SOFTMAX PRO 2.4 (Molecular Dynamics), and the amount of TTR in the samples was quantified on the basis of this equation.
Immunoprecipitation of TTR and Bound Small Molecule Inhibitors. A 2-ml Eppendorf tube was filled with 1.5 ml of human blood plasma and 7.5 l of a 2.16 mM DMSO solution of the small molecule inhibitor under evaluation. This solution was incubated on an orbital shaker at 60 rpm and 37°C for 24 h. A 1:1 gel͞TSA slurry (187 l) of quenched Sepharose was added to the solution and incubated on a rocker at 18 rpm and 4°C for 1 h. The solution was centrifuged (16,000 ϫ g) and the supernatant was divided into three aliquots of 400 l each. These were each added to 200 l of a 1:1 gel͞TSA slurry of the anti-TTR antibody-conjugated Sepharose and slowly rocked at 4°C for 20 min. The samples were centrifuged (16,000 ϫ g) and the supernatant was removed. The gel was washed with 1 ml of TSA͞0.05% saponin (Fisher Scientific) (three times, 10 min each) at 4°C, and additionally with 1 ml of TSA (twice, 10 min each) at 4°C. The samples were centrifuged (16,000 ϫ g), the final wash was removed, and 155 l of 100 mM triethylamine, pH 11.5, was added to elute the TTR and bound small molecules from the antibodies. After gentle rocking at 4°C for 30 min, the elution sample was centrifuged (16,000 ϫ g) and 145 l of the supernatant, containing TTR and inhibitor, was removed.
HPLC Analysis and Quantification of TTR and Bound Small Molecule
Inhibitors. The supernatant elution samples from the TTR antibody beads (145 l) were loaded onto a Waters 71P autosampler. A 135-l injection of each sample was separated on a Keystone 3-cm C 18 reverse-phase column using a 40-100% gradient of solution B over 8 min (solution A: 94.8% water͞5% acetonitrile͞ 0.2% trifluoroacetic acid; solution B: 94.8% acetonitrile͞5% water͞0.2% trifluoroacetic acid), controlled by a Waters 600E multisolvent delivery system. A 20-100% B gradient over 8 min was used for compound 12 to separate its peak from the void volume (see Tables 1 and 2 for structures of compounds 1-15). Detection was accomplished at 280 nm with a Waters 486 tunable absorbance detector, and the peaks were integrated to give the area of both TTR and the small molecule. To determine the quantity of each species, known amounts of tetrameric TTR or small molecule were injected onto the HPLC. The peaks were integrated to create calibration curves from linear regressions of the data by using KALEIDAGRAPH (Synergy Software, Reading, PA). The calibration curves were used to determine the number of moles of each species present in the plasma samples. The ratio of small molecule to protein was calculated to yield the stoichiometry of small molecule bound to TTR in plasma.
LC͞MS Analysis of TTR and Small Molecules.
Samples were injected onto a Hewlett-Packard Series 1100 liquid chromatography͞ electrospray ionization mass spectrometer. The HPLC conditions were the same as listed above and the detector was in positive ion mode. Major peaks were multiplied by the net charge and averaged to yield the overall mass of the species. For the small molecules, the peaks were collected off the Waters HPLC and directly injected onto the Hewlett-Packard Series 1100 electrospray ionization mass spectrometer with the detector in negative ion mode. Capistrano, CA) were used to carry out equilibrium dialysis at 60 rpm for 1 week at 25°C. The bottom reservoir was loaded with 2.4 ml of 10 mM sodium phosphate, pH 7.6͞100 mM KCl͞1 mM EDTA. The top reservoir was loaded with 2.4 ml of the same buffer containing 30 nM TTR, 55 nM 125 I-labeled T4 (NEN͞ Perkin-Elmer), and the appropriate TTR amyloid inhibitor at a concentration between 1 and 5,000 nM. An additional set of TTR samples were incubated with labeled T4 at concentrations between 1 and 1,000 nM. After incubation, the radioactivity in 100 l of each reservoir was measured in a Beckman 5001 ␥ counter. The fraction of total T4 bound to TTR was calculated and used to determine the concentration of the T4⅐TTR complex. Scatchard analysis (44) of the binding data of T4 alone yielded a dissociation constant (K d ) for T4 of 84 Ϯ 17 nM. This was used to calculate the K d for each inhibitor at every concentration through application of the following equation: 
Results
Assay Development. To minimize the immunoprecipitation of other plasma proteins, we generated rabbit polyclonal antibodies to purified recombinant human TTR. Western blots demonstrated that the antibodies had no significant reactivity with other plasma proteins (Fig. 1) , including albumin, which typically cross-reacts with commercial TTR antibodies. TTR amyloid inhibitors showing efficacy in vitro were added to human blood plasma at a concentration of 10.8 M (Fig. 2) . The TTR concentration in plasma as determined by ELISA was Ϸ5.4 M, implying that sufficient ligand was present to saturate the two available TTR-binding sites, assuming a submicromolar K d . After a 24-h incubation, polyclonal anti-TTR antibodies conjugated to Sepharose were used to capture TTR and any bound small molecules. The carbohydrate saponin proved to be a necessary additive to the wash buffer to prevent the nonspecific interaction of the inhibitors with the antibody-Sepharose (see Fig. 5 , which is published as supplemental data on the PNAS web site, www.pnas.org). High pH elution conditions released the TTR⅐inhibitor complex from the Sepharose-bound antibodies (Fig. 2) . Silver-stained SDS͞PAGE gels confirmed that the antibodies are selective for native TTR (Fig. 6 in the supplemental data), showing no significant binding to other plasma proteins. The HPLC solvents were sufficient to dissociate the TTR tetramer and the bound small molecule. To quantify the amount of TTR and inhibitor present, we created calibration curves by using stock solutions of recombinant tetrameric TTR and the small molecules to determine the integrated area͞mole of each species. The TTR isolated from freshly drawn human plasma yielded two separate peaks on the HPLC chromatogram (Fig. 3A) . Liquid chromatography coupled to electrospray mass spectrometry revealed that the two species had masses of 13,879 Ϯ 4 and 13,758 Ϯ 3 Da. The early peak corresponds to a TTR monomer disulfide linked through its single cysteine residue to a single cysteine amino acid, which has been observed previously (47- 49), whereas the second peak corresponds to the expected TTR monomer. Inhibitors that bind to TTR in plasma elute separately on the chromatogram, e.g., inhibitor 9 ( Fig. 3B) and inhibitors  10-15 (Figs. 7-12 in the supplemental data).
Analysis of Nonsteroidal Antiinflammatory Drugs (NSAIDs).
The first compounds evaluated for selective binding to TTR in plasma were the NSAIDs previously identified to be potent TTR amyloid inhibitors in vitro (37, 42) . Because these compounds are already approved by the Food and Drug Administration, they could easily be evaluated in human clinical trials for another indication if they proved to be selective TTR binders in human plasma. However, none of the NSAIDs exhibited significant selectivity for binding TTR in human plasma at a concentration of 10.8 M (Table 1) , although most exhibit a submicromolar K d (37, 50) . The most selective NSAIDs, flufenamic acid (1) and mefenamic acid (2), only had 0.2 eq of a maximum of 2 molar eq bound to TTR. However, fenoprofen (7), flurbiprofen (6), flufenamic acid (1), mefenamic acid (2), and diflunisal (4) all have maximal therapeutic plasma concentrations exceeding 20 M (51, 52). When these compounds were incubated with plasma at their maximal therapeutic concentrations, flufenamic acid and diflunisal showed increased binding selectivity (stoichiometry) to TTR (Table 1) . Diflunisal (4) is notable in that its 224 M maximal therapeutic concentration leads to 0.85 eq of drug bound to TTR. Increasing the concentration of all other NSAIDs to their maximal therapeutic dose did not result in dramatic increases in binding selectivity, likely because of binding to other plasma proteins.
Analysis of the Remaining Lead
Compounds. Approximately 40 additional small molecule amyloid inhibitors were evaluated for their ability to bind to TTR in plasma by using our immunoprecipitation͞HPLC approach (Fig. 2) . These compounds were derived from screening or structure-based design and identified as promising by an in vitro fibril formation assay (refs. 40-42; V. H. Oza, H. M. Petrassi, and J.W.K., unpublished data). Lead compounds having diverse structures including biaryls, biarylamines, stilbenes, and dibenzofurans showed promising selectivity ( Table  2) . Three compounds from this group (9-11) possess excellent TTR-binding selectivity in plasma. At a concentration of 10.8 M, they exhibit saturation of Ͼ1 of the two possible binding sites in the TTR tetramer. Determination of the TTR-binding affinities of these three compounds in buffer shows that the K d values do not correlate with the plasma binding selectivity (Table 2 ). For example, inhibitors 9 and 10 have greater than an order of magnitude difference in K d but nearly identical binding selectivity (stoichiometry) to TTR in plasma. Moreover, compounds with modest binding selectivity, such as flufenamic acid (1), have been previously determined to have K d values very similar to those exhibiting excellent selectivities (37) . Mass spectrometry confirmed the identity of inhibitors 9-12 isolated by immunoprecipitation͞HPLC as the compounds that were initially incubated with plasma. Interestingly, compound 9, synthesized by our laboratory, was initially synthesized and evaluated by Bristol-Myers and Parke-Davis as a possible antiinflammatory compound (53, 54) . Its modest activity Fig. 3 . HPLC chromatogram of immunoprecipitated plasma TTR in the absence of small molecule inhibitors (A) and in the presence of compound 9, a small molecule inhibitor of TTR fibril formation exhibiting selective TTR binding in plasma (B). TTR appears as two peaks, the first peak being monomer disulfide linked to cysteine and the second peak being unconjugated monomer. never warranted pursuit beyond initial animal testing. However, this compound exhibits the highest binding selectivity (stoichiometry) for TTR in plasma of any compound evaluated thus far at a concentration of 10.8 M. It is a potent TTR amyloid inhibitor in vitro, thus making it a candidate for further evaluation in animals and possibly in humans.
Discussion
Binding to plasma proteins is an important factor in determining the overall distribution, metabolism, activity, and toxicity of a drug (55) . In this particular case, we desire small molecules that bind to the plasma protein TTR over protein competitors whose identities are not known and likely change with the small molecule under evaluation. This binding is known to stabilize TTR's normally folded state, thus preventing the conformational changes required for amyloidogenicity (14, 36) . The immunoprecipitation͞HPLC-based binding selectivity method outlined above allows quantification of the stoichiometry of small molecule binding to TTR in human plasma in the presence of all other plasma proteins and numerous competing small molecules without the use of tags, such as radiolabels, on the small molecule. Immunoprecipitation has been used previously to determine the stoichiometry of metal ion binding to specific plasma proteins (56, 57) . However, to our knowledge, this is the first use of the technique to determine the binding selectivity of a small molecule to a single protein in human plasma. In principle, this approach is applicable to evaluate the binding selectivity of small molecules to any plasma protein, provided that a highly selective antibody for the protein can be generated, binding does not block the epitope or destroy it by conformational change, and appropriate wash steps can be introduced to avoid nonspecific binding of the small molecule and other proteins to the resin.
The protein target(s) of small molecule drugs have been established in the presence of all plasma components or in whole blood in surprisingly few instances. Typically, binding is evaluated either to all plasma proteins or to an isolated suspected protein target in a standard buffer in vitro. Equilibrium dialysis and ultrafiltration are commonly used to evaluate drug binding to whole plasma (55) . These methods provide information on the amount of compound bound to total plasma protein, but they do not identify the specific target. Drug binding to isolated or recombinant plasma proteins can be characterized by numerous methods such as fluorescence (58) , NMR (59), CD or related spectroscopies (60), chromatography (61, 62) , calorimetry (37), or surface plasmon resonance (63) . While these methods provide the binding affinity to the suspected plasma protein target, typically albumin for acidic drugs, or ␣ 1 -acid glycoprotein for basic drugs (64), they do not predict the extent of binding in a biological fluid because the competitive proteins and small molecules are generally unknown. In contrast, the immunoprecipitation approach presented here allows one to determine the amount of small molecule bound to a specific protein in the presence of all plasma proteins and competitive ligands, without the requirement of identifying the appropriate competitor protein(s).
The effect of small molecule structure on TTR binding selectivity in plasma is dramatically demonstrated in a series of biarylamines of nearly identical chemical structure (Fig. 4) . Notably, biarylamines 5, 9, and 13 show equal amyloid fibril inhibition efficacy in vitro at 1 eq of inhibitor bound per TTR tetramer (65-70% fibril inhibition) (V. H. Oza and J.W.K., unpublished data). However, these compounds exhibit dramatically different TTR binding selectivity in human plasma. The NSAID diclofenac (5) has low binding selectivity for TTR. Moving the Cl substituents from the 2 and 6 positions (5) to the 3 and 5 positions (13) results in a significant increase in TTR binding selectivity. Additional shortening of the carboxylic acid substituent by one methylene group (9) yields a further dramatic increase in binding selectivity. The structural changes that increase selectivity most likely interfere with binding to competitor plasma proteins rather than decreasing the affinity to TTR. We have not yet attempted to identify the competitor(s), but this could be done by using the immunoprecipitation͞HPLC approach with antibodies specific for the suspected competitors, but this could prove difficult.
The highly selective TTR-binding compounds (e.g., 9-11, Table 2 ) identified through this immunoprecipitation procedure are now the primary candidates for further evaluation in mouse models of TTR amyloid disease (65) . Because these compounds display binding selectivity for TTR in human plasma, they should partition primarily into human TTR in transgenic mice, which will be confirmed. In addition, diflunisal (4) may hold promise as a Food and Drug Administration-approved drug that displays moderate selectivity for TTR at its maximal therapeutic plasma concentration. It is essential that amyloid inhibitors that function by binding and stabilizing the native state of TTR exhibit high binding selectivity in vivo at reasonable concentrations. These selective inhibitors now provide us with the tools to directly test the amyloid hypothesis in transgenic mice and possibly in humans. If small molecule inhibitor binding to TTR prevents the formation of amyloid fibrils in vivo as well as the organ dysfunction and͞or neurodegeneration characteristic of these diseases, we will have direct evidence that the process of amyloid fibril formation is the cause of TTR amyloid diseases.
